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Nano-plasmonic near field phase 
matching of attosecond pulses
Tahir Shaaran1, Rana Nicolas1, Bianca Iwan1, Milutin Kovacev2,3 & Hamed Merdji1
Nano-structures excited by light can enhance locally the electric field when tuned to plasmonic 
resonances. This phenomenon can be used to boost non-linear processes such as harmonic generation 
in crystals or in gases, Raman excitation, and four wave mixing. Here we present a theoretical 
investigation of the near-field phase matching of attosecond pulses emitted by high-order harmonic 
generation (HHG) of an atom immersed in a multi-cycle femtosecond infrared laser field and a spatially 
inhomogeneous plasmonic field. We demonstrate that the spatial inhomogeneity factor of the 
plasmonic field strongly affects the electron trajectory and recombination time which can be used to 
control the attosecond emission. For further insight into the plasmonic field effect, we monitor the 
phase of each quantum path as a function of the inhomogeneity strength. Moreover, we investigate the 
attosecond emission as a function of near-field phase matching effects. This is achieved by calculating 
the coherent field superposition of attosecond pulses emitted from various intensities or field 
inhomogeneities. Finally, far-field and near-field phase matching effects are combined to modulate the 
harmonic spectral phase towards the emission of a single attosecond pulse.
The high-order harmonics generation (HHG) process1, 2 is a unique source of coherent radiation in the ultraviolet 
to extreme ultraviolet (XUV) spectral domain. Apart from its numerous applications in various areas of science3, 
HHG has been employed for generating ultrashort pulses down to the single attosecond pulse regime4. The har-
monic emission can be described by the semi-classical three step model5. An electron leaves the atom into the 
continuum by tunneling though the atomic potential barrier which is modified by the incident laser electric field. 
It subsequently propagates in the continuum and is driven back by the laser field towards its parent ion. In the last 
step, it recombines with the core, leading to the emission of energetic photons. The generation process in gases 
requires driving intensities in the 1013–1015 W/cm2 range, requiring the use of expensive amplified laser chains.
An interesting proposition to obtaining XUV radiation at extremely high repetition rate without heavy 
and costly laser pumping is to use plasmonic field amplification of a femtosecond oscillator in resonant gold 
nano-antennas6– 9. The external femtosecond low intensity laser pulse couples to the plasmon mode of the nano-
structure and induces a collective oscillation of free charges within a tightly localized region. The free charges 
redistribute the electric field in the vicinity of the nanostructure to form a spot of highly enhanced electric field 
as shown in Fig. 1 for gold nano-antennas. The enhanced field largely depends on the geometrical shape of the 
metallic nanostructure. Plasmonic effects are strongly localized and can be used to concentrate light or to boost 
non-linear phenomena like third harmonic generation for example10–15. However, the experimental feasibility 
of HHG in gases assisted by plasmonic field enhancement6, 7 was challenged in successive publications16–19. The 
main argument is that the small and strongly localized excitation volume does not allow an efficient buildup of 
coherent harmonic radiation in the enhanced laser field. Instead, the measured signal reported in refs 6 and 7 is 
dominated by incoherent fluorescence emission as recently reported by Han et al.20.
The controversy on the feasibility of plasmon-enhanced HHG in gases shows that the observation of coherent 
radiation poses a difficult experimental challenge due to the small emission volume6–9 and the dominance of 
atomic plasma lines16–22. However, for an experiment using the bowtie geometry8 the XUV emission could be 
interpreted as an almost equal level of plasma and harmonic radiation. But the thermal damage of the gold nano-
structures limits the applicability of the proposal22. Future experiments will need to solve this issue by improving 
the nanostructure design, and material choices, plasmonic excitation volume and homogeneity, as well as laser 
parameters. In this this quest, HHG in graphene assisted by plasmonic field amplification has been theoreti-
cally proposed23. Experimentally, a recent outcome is the unambiguous observation of HHG in crystals assisted 
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by plasmonic field amplification20, 24. The high density of atoms in solid density media promotes the coherent 
build-up of the harmonic radiation compared to gases. This confirms that strong field phenomena can be effec-
tively boosted using local field enhancement and that the theoretical concept of plasmon-enhanced HHG in gases 
stands. Our theoretical concept can be transferred to other materials, like solids, using a valid model of HHG in 
solids. This is however out of the scope of this letter. There exists a considerable body of theoretical work investi-
gating HHG from gaseous media driven by spatially inhomogeneous field25–38. This offers exciting perspectives 
in the field of plasmon-enhanced strong-field physics and attophysics39. This gives the possibility for example to 
shape or enhance HHG spatial or spectral properties by spatially rearranging the nanostructures. Indeed, the 
locally enhanced field has a distinct spatial dependence, which could produce an enormous extension to the HHG 
cutoff 25.
Results and Discussions
In this letter, we investigate the attosecond emission from atoms subjected to a strong laser field that is enhanced 
and modulated by a local plasmonic field gradient. For that purpose, we calculate how the harmonic spectral 
phase from atoms under various plasmonic field strength varies. The strong field approximation (SFA)40 is applied 
to investigate the phase and the cutoff behavior of the high order harmonics generated by the spatially inhomo-
geneous field25. A detailed analysis of the individual electron trajectories in comparison to their classical counter-
parts demonstrates their contributions to the HHG cutoff. In addition, we extend our model to include the fact 
that not all atoms inside the plasmonic field experience the same intensity and inhomogeneity but a gradient. 
Here, we use the field gradient to achieve near field phase matching of attosecond pulses. Similarly to the pioneer-
ing work of Antoine et al., we found that the phase of the harmonic comb has to be controlled to coherently build 
the attosecond emission41, 42.
Our approach uses a transition amplitude for HHG calculated under the SFA formalism. The spatial depend-
ence of the laser electric field is perturbative and linear with respect to the position (for details see ref. 28). 
Therefore, the locally enhanced field can be approximated as
+E t, x E t x( ) ( )(1 ) (1)
where ε ≪ 1 is a parameter that we define as the inhomogeneity field factor. Depending on both the geometri-
cal and material characteristics of the nanostructure this parameter reflects the spatial decay of the plasmonic 
near-field. In the linear model used, the unit of ε is inverse length. It corresponds to the first term of the actual 
field of the plasmonic nanostructure. Figure 1 shows finite difference time domain (FDTD) calculations of the 
plasmonic field enhancement in the center of a gold bowtie nanostructure under a strong laser field. Neon atoms 
are present in the 20 nm wide gap and the vicinity of the bowtie. As shown in Fig. 1, the small gap shows a very 
sharp gradient in the electric field, varying from 30 to 60 in field enhancement (i.e., 900 to 3600 in intensity 
enhancement respectively). These are common values for bowtie nano-antennas and other typical plasmonic 
structures6, 8, 16–19, 22. The atoms inside the gap will interact with various inhomogeneous field factors and are thus 
subjected to stronger field amplification close to the gold bowties and weaker field amplification as the distance 
from the bowtie gap and edges increases (in Fig. 1 the plasmonic field magnitude is represented in color code). 
Our approach consists first of calculating the total electric field for a given value of ε. In Eq. (1), the approxima-
tion corresponds to the first term of the actual field of a spherical plasmonic nanostructure35. Then, by incorporat-
ing Eq. (1) in the Lewenstein model40, the transition amplitude describes the HHG in a spatially inhomogeneous 
field under the SFA approximation. We assume here that the electric field is linearly polarized along the z-axis (see 
Fig. 1). To get a better insight into the nonhomogeneous case, we employ a monochromatic field with E(t) = E0 
sin(ωt)ez, where ez is the polarization vector along the z-axis. The transition amplitude is computed either using 
the saddle-point method or numerically43, 44. The former method allows us to calculate the contributions of the 
individual quantum orbits to the cutoff and yield of the HHG, as well as the harmonic phase and time profile of 
the spectra.
We investigate here how the individual electronic trajectories are affected by the plasmonic field strength, thus 
modifying the HHG spectral and temporal properties. We restrict ourselves to the solutions of the saddle points 
of the shortest trajectory pair of our defined monochromatic field. Each of these pairs consists of short and long 
trajectories. Classically, they correspond to those electrons that most probably ionize at the maximum of the 
electric field and return to their parent ions at the electric field zero crossing at about half an optical cycle later. 
Figure 1. XZ plane representation of the plasmonic field enhancement from two gold nano-antennas. The 
XY representation is shown as an inset. The field enhancement is calculated using FTDT approach at a laser 
wavelength of 825 nm. Atoms are sketched as spheres immersed in the field enhanced by the two antennas. The 
field is polarized along the TM axis and propagates along the k vector.
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Figure 2a presents HHG spectra for a neon atom exposed to a 825 nm wavelength laser radiation at an intensity 
of I = 4. 1014 W/cm2 and with ε = 0. Note that the intensity under consideration is the plasmon-enhanced one. 
As expected, the harmonic spectrum presents a broad plateau of almost constant conversion efficiency, ending 
with a sharp cutoff for harmonic energies higher than ≃Ip + 3.2Up ≃ 69 ω, where Up is the ponderomotive energy. 
In Fig. 2b, the spectra show the cases for ε = 0.003 and ε = 0.005. The harmonic spectra contain the first plateau, 
followed by a cutoff, and then the second plateau, ending with a very sharp cutoff. The yields of the first plateaus 
are almost 2 and 4 orders of magnitude higher than the second plateaus for ε = 0.003 and ε = 0.005 respectively.
For the case with ε = 0.003, the first and the second cutoffs are located at frequencies around 51 ω and 95 ω, 
respectively. For ε = 0.005, the first cutoff decreases to 41 ω and the second one extends to 115 ω. This behavior 
can be understood by calculating the extension of the first and the second plateaus as a function of the field 
inhomogeneity strength using the appropriate saddle point solutions. The first plateau and cutoff arise when 
an electron tunnel-ionizes at the first half of the optical cycle, while the second plateau and cutoff represent the 
electron tunneling at the second half of the cycle. As a consequence, electrons ejected at the first or second half of 
the driving laser optical cycle will, respectively, be decelerated or accelerated by the plasmonic field leading to the 
observed two cutoffs and plateau behaviors. The extension of the first and the second plateau scales, respectively, 
inversely or proportional with the plasmonic field inhomogeneity factor ε. This behavior is similarly to the case 
where high harmonics are generated with coherently superimposed two-color laser fields45. Indeed, we will have 
either a constructive or a destructive coherent sum of the driving and plasmonic fields, which will modulate 
the electron kinetic energy and thus the plateau extension. The lower harmonic yield of the second plateau is 
associated with the fact that those electrons that are further accelerated will experience a higher decoherence (or 
quantum diffusion) during their excursion in the continuum. Another consequence is that the inhomogeneity of 
the field breaks the symmetry. Thus, the electron tunnel-ionizes at each half-cycle of the laser field and will have 
different ionization probabilities and recollision times. The symmetry breaking allows the observation of both 
even and odd harmonics over the whole range of the spectra (see Fig. 2b), whereas for the homogeneous case only 
odd harmonics are observed (Fig. 2a).
Next, we perform a detailed analysis of the spectral phase difference between successive harmonics in the 
spectra to investigate the behavior of the HHG time structure modulated by the plasmonic field. For this purpose, 
we show in Fig. 2c and d the spectral phase difference by considering both short and long trajectories for the 
cases with ε = 0 and ε = 0.003, ε = 0.005 respectively. For all cases, the phase difference for the short trajectories 
decreases as a function of the harmonic order along the first plateau whereas it increases for the long trajectories. 
For the homogenous case (Fig. 2c), which has a single plateau followed by a sharp cutoff, the long and short trajec-
tories merge in the cutoff region exhibiting the same constant phase difference. This behavior is well known as the 
zero-chirp in the attosecond emission and has been used experimentally for the generation of isolated attosecond 
Figure 2. High-order harmonic spectra for a neon atom (Ip = 0.793 a.u.) interacting with a monochromatic 
field of frequency ω = 0.055 a.u. (wavelength of 825 nm) and intensity I = 4 1014 W/cm². In panel (a) the blue 
curve depicts the case with ε = 0, whereas panel (b) the red and black curves show the cases with ε = 0.003 and 
ε = 0.005 inhomogeneity factors respectively. The yields are represented in logarithmic scale. Panels (c) and (d) 
present the calculated phase difference for the homogeneous case (blue curve) and for the inhomogeneous cases 
for ε = 0.003 (red) and ε = 0.005 (black) inhomogeneity factors.
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pulses46. For the inhomogeneous case (Fig. 2d), the attosecond chirp in the first plateau region is not as smooth 
as in the homogeneous case. This is even more pronounced for an inhomogeneity factor of ε = 0.003 which 
corresponds to a smaller field enhancement. After initially merging around the first cutoff, i.e, in the second pla-
teau region, the long and short trajectories diverge from each other. The short trajectories have a constant phase 
difference along the rest of the spectrum, while the long trajectories, after experiencing a phase jump around the 
first cutoff, will have almost linear phase increase towards the short trajectories. Then, we reach the second cutoff 
where the phase difference between consecutive harmonics becomes constant. This reveals a complex behavior 
of the electron dynamics for both short and long trajectories which will be investigated in the time domain in 
the next section. Nonetheless, part of the spectrum where the phase difference between consecutive harmonics is 
constant, which corresponds to a constant attosecond chirp, can be selected. This is mandatory to obtain a regular 
attosecond pulse train emission as Antoine et al. have reported in their calculations42 and which was measured 
later by Mairesse et al.47. Our analysis shows that the harmonic spectrum of atoms subjected to inhomogeneous 
plasmonic fields has –at least in parts- the potential for attosecond pulse emission.
In the next step, we characterize the temporal profile of the HHG emission as a function of the field inho-
mogeneity factor. First, panels (a) and (b) of Fig. 3 show the harmonic order as a function of the real parts of the 
recombination times of the electron with its parent ion without (a) and with (b) field inhomogeneity. Details 
about the physical meaning of this representation can be found in refs 40 and 47. In all cases, short and long 
trajectories are merging in the cutoff. However, we clearly see that the electron dynamics is affected even for low 
values of the field inhomogeneity factor. In Fig. 3b, we observe that the cutoff is extended only for the second 
(T = 1.4 optical period) and the last (T = 2.4 optical period) electron excursion whereas it is reduced at T = 0.9 
and T = 1.9 optical cycles. Due to the coherence of the HHG process, this control of the electron trajectories will 
shape the attosecond emission. We calculate now the time profile of the harmonic emission. For that purpose, we 
use the HHG amplitudes and spectral phases calculated and shown in Fig. 2. By applying an inverse Fourier trans-
form to those spectra, we obtain the time profile of the harmonic emission. For the homogeneous case (panel 3c), 
we see an almost continuous emission which is due to the attosecond chirp. For the inhomogeneous case (panel 
3d), one burst is emitted per cycle. The influence of the plasmonic field on the HHG emission is quite consistent 
and even applies for a small degree of inhomogeneity (ε = 0.003). Furthermore, the attosecond emission in the 
inhomogeneous case exhibits less noise than in the homogenous case. This noise originates from interferences 
between different trajectories. As less trajectories contribute to higher harmonics, those interferences will be less 
pronounced. As a general trend, when ε increases, the noise becomes less pronounced. The dominant peak of 
the time profile increases as a function of the field inhomogeneity and, for ε = 0.005 is 2 times higher than in the 
homogeneous case.
We restrict now our analysis to harmonics between the 35th and 59th orders (Fig. 3, panels e and f). Those har-
monics mainly belong to the first plateau and have the highest yield. For ε = 0 (Fig. 3e), the train of pulses consists 
of 4 peaks per cycle. The small and large peaks correspond to the recombination times of the short and the long 
Figure 3. Time profile of high-order harmonic spectra using same parameters as in Fig. 2. Panels (a) and (b) 
show the harmonic order as a function of the recombination times of the electron. In panels, (c) and (d) the 
train of pulses emitted from all the harmonics presented in Fig. 2 are reported, while panels (e) and (f) present 
the train of the pulses emitted from 35st to 59st harmonics. Blue, red and black color curves depict the cases with 
ε = 0, ε = 0.003 and ε = 0.005, respectively.
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trajectories, respectively. For ε = 0.003 and ε = 0.005 (Fig. 3f), we observe a single predominant peak per optical 
cycle. The peak in the case of ε = 0.003 is a bit smaller and wider than the peak observed for ε = 0.005. Peaks 
corresponding to attosecond emissions from the second half of the optical cycle disappear when the field inho-
mogeneity increases. When the long and short trajectories merge, one predominant attosecond pulse is emitted. 
The height of this peak increases as ε become larger (Fig. 3f).
Up to now, we have considered a single field inhomogeneity value at a time. However, on the microscopic level, 
the individual atoms in the interaction region do not experience the same plasmon-enhanced intensity and field 
inhomogeneity. Rather, as shown in Fig. 1, individual atoms experience individual intensities and field inhomo-
geneity factors inside the entire plasmonic excitation volume. The generated high harmonic field thus manifests as 
the response of an ensemble of atoms with differing electron dynamics and emission processes. These variations 
in emission dynamics have to be taken into account to correctly describe the resulting HHG field. Therefore, we 
extend our model by adding coherently the HHG emission from atoms exposed to various field enhancement 
factors to achieve “near field phase matching”. In Fig. 4a, we keep the field inhomogeneity constant (ε = 0.003) 
and vary the intensity from 3.1014 W/cm² to 4.6.1014 W/cm². Then we add coherently all the plasmon-enhanced 
transition amplitudes. In Fig. 4b, we vary the field inhomogeneity factor from ε = 0 to ε = 0.006 while we keep 
the intensity constant (I = 4.1014 W/cm²). In the former case, the general shape of the spectra remains unchanged 
(see Fig. 2b). Due to the increase in intensity, only the position of the second cutoff is extended towards higher 
harmonics. For the latter case, there is a distortion in the general shape of the spectra and one cannot clearly 
identify the first and the second plateaus anymore. After the first plateau, the spectra decays until it reaches the 
second cutoff. In comparison to the case with no near field phase matching, i.e. when (I = 4.1014 W/cm²) and 
(ε = 0.005) in Fig. 2b, the cutoffs of the spectra extend towards higher harmonics. The highest harmonics (above 
130) obtained here are associated with the highest field inhomogeneity factor of ε = 0.006. Note that the near 
field phase matching does not distort the harmonic orders and we obtain both even and odd harmonics. For both 
cases, the phase difference (see Fig. 4c and Fig. 4d) between consecutive harmonics for short and long orbits is 
irregular up to harmonic 50. Then, the two trajectories merge in the cutoff with a chaotic behavior for the long 
trajectory and a more regular one for the short one. This reflects a collective electron dynamics effect where only 
short trajectory high kinetic energy electrons are preserved from phase distortions.
Figure 5 compares the calculated train of emitted pulses by considering the near-field phase matching for the 
cases (a) with constant intensity (I = 4.1014 W/cm2) and ε ranging from 0.001 to 0.006 and (b) with constant field 
inhomogeneity factor (ε = 0.003) and intensity ranging from I = 3.1014 W/cm2 to I = 4.6.1014 W/cm2. Amplitude 
and phase are extracted from Fig. 4 considering two spectral windows: all harmonics (panels a and b) and har-
monic 35 to 59 (c and d). Note that we take into account only the short trajectories in the calculations to obtain a 
Figure 4. Near field phase matching High-order harmonic spectra in amplitude (a and b) (in logarithmic scale) 
for a neon atom exposed to a monochromatic field of frequency ω = 0.055 a.u. (wavelength of 825 nm). In panel 
(a) the intensity varies from I = 3.1014 W/cm² to I = 4.6.1014 W/cm² while ε = 0.003. In panel (b) the intensity is 
constant (I = 4.1014 W/cm²) while intensity range from ε = 0 to 0.006. For both above cases, the phase difference 
is calculated both for short (closed circles) and long orbits (open circles), panels (c and d). The yield of total 
HHG spectra is calculated as the coherent sum of all spectra computed at each inhomogeneity strength with 
steps of 0.001.
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single attosecond pulse per optical cycle. Indeed, due to different spatial and spectral properties, macroscopic (i.e., 
the far field) phase matching can select a single quantum path48. Short quantum path selection42, 47 would allow 
to further enhance the contrast of the main attosecond pulse as the long quantum path harmonic is out of phase 
(see Fig. 4c). In contrast to the inhomogeneous cases of ε = 0.001 with no near field phase matching (red curve), 
two bursts per cycle are emitted from all harmonics (Fig. 5a). The near field phase matching results look similar to 
the inhomogeneous case with (I = 4.1014 W/cm2) and ε = 0.005 (black curve). However, the position of the peaks 
is slightly different and a high peak emission is observed. For harmonics selected between the 35th and 59th orders 
(Fig. 5c), these two peaks per cycle are more pronounced by a factor 3 compared to the case with ε = 0,005 and 
I = 4.1014 W/cm². This is related to the fact that near field phase matching allows for constructive interferences 
between contributions from various regions of the plasmonic field with different field inhomogeneity factors.
Conclusions
In this letter, we have shown that the attosecond emission from atoms immersed in a resonant plasmonic struc-
ture is strongly influenced by the strength of the laser induced plasmonic field. We show that the inhomogeneity 
of the electric field, within a cycle, breaks the symmetry and leads to the generation of both odd and even har-
monics and two plateaus and cutoffs in the HHG spectra. The first plateau experiences a decrease in intensity 
while the second plateau is pushed towards higher harmonic orders compared to the homogeneous case. This is 
attributed, respectively, to either a destructive or constructive interference between the driving laser field and the 
plasmonic field. The emitted train of attosecond pulses is repeated every cycle of the infrared laser field rather 
than every half cycle of the laser field. Additionally, atoms experience various field strengths depending on their 
position in the resonant plasmonic field. Our calculations take this effect into account by calculating what we 
called the “near-field phase matching”. Our finding is that the coherent emission from atoms subjected to different 
field strengths and inhomogeneity can sum up to generate regular attosecond pulses. As a perspective, plasmonic 
fields have the potential to engineer the coherent emission of harmonics.
We have shown how HHG is sensitive to the local field. The harmonic electric field itself contains the imprint 
of the plasmonic field. An application would be to use the complete characterization of the harmonic spectral 
phase of the plasmonic enhanced HHG to access to the transition dipole moment over a large momentum space. 
This “self-probing” scheme or harmonic spectroscopy49 would allow to obtain spectral phase information on the 
electron dynamics and the local plasmonic field.
Figure 5. Train of pulses of harmonics emitted by a neon atom calculated from amplitudes and phases shown 
in Fig. 4. Panels (a and b) give train of pulse from all the harmonics and panels (c and d) show train of pulse 
from harmonics 35st to 59st. Red and black colors depict the cases when the atom exposed to a constant laser 
field (I = 4.1014 W/cm²) with ε = 0.001, ε = 0.005, respectively. We select here only the short trajectory. Green 
color present the case when intensity of the field is constant (I = 4.1014 W/cm²) and an inhomogeneity varying 
from ε = 0 to ε = 0.006 with steps of 0.001. Dashed gray and solid gray colors show the case with constant 
inhomogeneity factor ε = 0.005 and intensities (I = 3.1014 W/cm²) and (I = 4.6.1014 W/cm²), respectively. 
Magenta color depict the train of pulses of harmonics calculated as the coherent sum of all spectra computed at 
constant inhomogeneity factor (ε = 0.005) with field intensity from (I = 3.1014 W/cm²) to (I = 4.6.1014 W/cm²) 
with steps of (I = 0.1.1014 W/cm²).
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HHG assisted by plasmonic field in gases has not been clearly observed experimentally. However, we believe 
that our theoretical concept also stands for HHG attosecond control in solids assisted by field enhancement20, 24. 
The high density of atoms and the ease of nanofabrication make solid HHG a promising route.
References
 1. McPherson, A. et al. Studies of multiphoton production of vacuum-ultraviolet radiation in the rare gases. JOSA B 4, 595–601 (1987).
 2. L’Huillier, A., Schafer, K. J. & Kulander, K. C. Theoretical aspects of intense field harmonic generation. J. Phys. B At. Mol. Opt. Phys. 
24, 3315 (1991).
 3. Krausz, F. & Ivanov, M. Attosecond physics. Rev. Mod. Phys. 81, 163–234 (2009).
 4. Kienberger, R. et al. Atomic transient recorder. Nature 427, 817–821 (2004).
 5. Corkum, P. B. Plasma perspective on strong field multiphoton ionization. Phys. Rev. Lett. 71, 1994–1997 (1993).
 6. Kim, S. et al. High-harmonic generation by resonant plasmon field enhancement. Nature 453, 757–760 (2008).
 7. Park, I.-Y. et al. Plasmonic generation of ultrashort extreme-ultraviolet light pulses. Nat. Phot. 5, 677–681 (2011).
 8. Pfullmann, N. et al. Bow-tie nano-antenna assisted generation of extreme ultraviolet radiation. New J. Phys. 15 (2013).
 9. Park, I.-Y. et al. Generation of EUV radiation by plasmonic field enhancement using nano-structured bowties and funnel-
waveguides. Ann. Phys. 525(1–2), 87–96 (2013).
 10. Gramotnev, D. K. & Bozhevolnyi, S. I. Plasmonics beyond the diffraction limit. Nat. Photonics 4, 83–91 (2010).
 11. Schuller, J. A. et al. Plasmonics for extreme light concentration and manipulation. Nat. Mater. 9, 193–204 (2010).
 12. Tong, W. et al. Enhanced third harmonic generation in a silicon metasurface using trapped mode. Opt. Express 24, 19661–19670 
(2016).
 13. Shorokhov, A. S. et al. Multifold Enhancement of Third-Harmonic Generation in Dielectric Nanoparticles Driven by Magnetic Fano 
Resonances. Nano Lett. 16, 4857–4861 (2016).
 14. Grinblat, G., Li, Y., Nielsen, M. P., Oulton, R. F. & Maier, S. A. Enhanced Third Harmonic Generation in Single Germanium 
Nanodisks Excited at the Anapole Mode. Nano Lett. 16, 4635–4640 (2016).
 15. Shibanuma, T., Grinblat, G., Albella, P. & Maier, S. A. Efficient Third Harmonic Generation from Metal-Dielectric Hybrid 
Nanoantennas. Nano Lett., doi:10.1021/acs.nanolett.7b00462 (2017).
 16. Sivis, M., Duwe, M., Abel, B. & Ropers, C. Nanostructure-enhanced atomic line emission. Nature 485, E1–E3 (2012).
 17. Sivis, M., Duwe, M., Abel, B. & Ropers, C. Extreme-ultraviolet light generation in plasmonic nanostructures. Nat. Physics 9, 304–309 
(2013).
 18. Sivis & Ropers, C. Generation and Bistability of a Waveguide Nanoplasma Observed by Enhanced Extreme-Ultraviolet Fluorescence. 
Phys. Rev. Lett. 111, 085001 (2013).
 19. Kim, S. et al. Reply. Nature 485, E1–E3 (2012).
 20. Han, S. et al. High-harmonic generation by field enhanced femtosecond pulses in metal-sapphire nanostructure. Nat. Commun. 7, 
13105 (2016).
 21. Raschke, M. “High‐harmonic generation with plasmonics: feasible or unphysical?”. Ann. Phys. 525, 3 (2013).
 22. Pfullmann, N. et al. Nano-antenna-assisted harmonic generation. Appl. Phys. B 113, 75–79 (2013).
 23. Cox, J. D., Marini, A. & García de Abajo, F. J. Plasmon-assisted high-harmonic generation in graphene. Nature Communications 8, 
14380 (2017).
 24. Vampa, G. et al. Plasmon-enhanced high-harmonic generation from silicon. Nat. Physics, doi:10.1038/nphys4087 (2017).
 25. Ciappina, M. F. et al. Enhancement of high harmonic generation by confining electron motion in plasmonic nanostrutures. Opt. 
Express 20, 26261–26274 (2012).
 26. Husakou, A., Im, S.-J. & Herrmann, J. Theory of plasmon-enhanced high-order harmonic generation in the vicinity of metal 
nanostructures in noble gases. Phys. Rev. A 83, 43839 (2011).
 27. Yavuz, I., Bleda, E. A., Altun, Z. & Topcu, T. Generation of a broadband xuv continuum in high-orderharmonic generation by 
spatially inhomogeneous fields. Phys. Rev. A 85, 13416 (2012).
 28. Shaaran, T., Ciappina, M. F. & Lewenstein, M. Quantum-orbit analysis of high-order-harmonic generation by resonant plasmon field 
enhancement. Phys. Rev. A 86, 23408 (2012).
 29. Ciappina, M. F., Shaaran, T. & Lewenstein, M. High order harmonic generation in noble gases using plasmonic field enhancement. 
Ann. Phys. 525, 97–106 (2013).
 30. Pérez-Hernández, J. A., Ciappina, M. F., Lewenstein, M., Roso, L. & Zaïr, A. Beyond Carbon K-Edge Harmonic Emission Using a 
Spatial and Temporal Synthesized Laser Field. Phys. Rev. Lett. 110, 53001 (2013).
 31. Yavuz, I. Gas population effects in harmonic emission by plasmonic fields. Phys. Rev. A 87, 53815 (2013).
 32. Luo, J., Li, Y., Wang, Z., Zhang, Q. & Lu, P. Ultra-short isolated attosecond emission in mid-infrared inhomogeneous fields without 
CEP stabilization. J. Phys. B At. Mol. Opt. Phys. 46, 145602 (2013).
 33. Shaaran, T. et al. High-order-harmonic generation by enhanced plasmonic near-fields in metal nanoparticles. Phys. Rev. A 87, 41402 
(2013).
 34. Yang, Y.-Y. et al. High-harmonic and single attosecond pulse generation using plasmonic field enhancement in ordered arrays of 
gold nanoparticles with chirped laser pulses. Opt. Exp. 21, 2195 (2013).
 35. Süßmann, F. & Kling, M. F. Attosecond measurement of petahertz plasmonic near-fields. In Proc. Spie, 80961C–80961C–8 (2011).
 36. Liqiang., F., Minghu, Y. & Tianshu, C. Attosecond x-ray source generation from two-color polarized gating plasmonic field 
enhancement. Phys. Plasmas 20, 122307 (2013).
 37. Fetić, B., Kalajdžić, K. & Milošević, D. B. High-order harmonic generation by a spatially inhomogeneous field. Ann. Phys. 525, 
107–117 (2013).
 38. Ciappina, M. F., Biegert, J., Quidant, R. & Lewenstein, M. High-order-harmonic generation from inhomogeneous fields. Phys. Rev. 
A 85, 33828 (2012).
 39. Ciapinna et al. Attosecond physics at the nanoscale. Rep. Prog. Phys. 80, 054401 (2017).
 40. Lewenstein, M., Balcou, P., Ivanov, M. Y., L’Huillier, A. & Corkum, P. B. Theory of high-harmonic generation by low-frequency laser 
fields. Phys. Rev. A 49, 2117–2132 (1994).
 41. Antoine, P., L’Huillier, A. & Lewenstein, M. Attosecond Pulse Trains Using High Order Harmonics. Phys. Rev. Lett. 77, 1234–1237 
(1996).
 42. Antoine, P. et al. Generation of attosecond pulses in macroscopic media. Phys. Rev. A 56, 4960–4969 (1997).
 43. Bleistein, N. & Handelsman, R. A. Asymptotic Expansions of Integrals. (Dover Publication, New York, 1986).
 44. Salières, P. et al. Feynman’s Path-Integral Approach for Intense-Laser-Atom Interactions. Science 292, 902–905 (2001).
 45. Merdji, H. et al. Isolated attosecond pulses using a detuned second-harmonic field. Opt. Lett. 32, 3134–3136 (2007).
 46. Hentschel, M. et al. Attosecond metrology. Nature 414, 509–513 (2001).
 47. Mairesse, Y. et al. Attosecond Synchronization of High-Harmonic Soft X-rays. Science 302, 1540–1543 (2003).
 48. Merdji, H. et al. Macroscopic control of high-order harmonics quantum-path components for the generation of attosecond pulses. 
Phys. Rev. A 74, 43804 (2006).
 49. Haessler, S. et al. Attosecond imaging of molecular electronic wavepackets. Nat. Phys. 6, 200–206 (2010).
www.nature.com/scientificreports/
8Scientific REPORts | 7: 6356  | DOI:10.1038/s41598-017-06491-7
Acknowledgements
We acknowledge discussions with Pascal Salières and Willem Boutu. We acknowledge financial support from 
the European Union through the EU-LASERLAB (SLIC 001682) and the VOXEL FET, from the French ministry 
of research through the 2013 ANR grants “NanoImagine”, 2014 “IPEX”, 2016 “HELLIX” and from the C’NANO 
research program through the NanoscopiX grant, and the LABEX “PALM” through the grants. “Plasmon-X” 
and “HILAC”. We acknowledge the financial support from the french ASTRE program through the “NanoLight” 
grant. We acknowledge the financial support from the Swedish Research Council (Vetenskapsrådet) grant 
number 637–2013–439/D0043901 and the Swedish Foundation for International Cooperation in Research and 
Higher Education (STINT). Financial support by the Deutsche Forschungsgemeinschaft, grant KO 3798/4-11 
and from Lower Saxony through “Quanten- und Nanometrologie” (QUANOMET), project NanoPhotonik are 
acknowledged.
Author Contributions
H.M. and M.K. proposed the physical concept. T.S. performed the SFA calculations. R.N. and B.I. performed the 
plasmonic simulations. T.S., R.N., B.I., M.K. and H.M. discussed equally the interpretation of the results.
Additional Information
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017
